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Summary 

The block of the Na ÷ current by n-octanol was studied in crayfish giant 
axons under axial wire voltage-clamp conditions. Standard kinetic analysis of 
the Na* currents was undertaken to test the hypothesis that  the n-octanol- 
induced block of the Na* current could be accounted for on the basis of 
changes in the voltage dependence of the kinetic parameters. Alterations in the 
membrane dipolar potential arising from rearrangement of membrane lipids 
would be the anticipated source of changes in the voltage dependence. 
Although some changes in voltage dependence did evolve with the block by 
n-octanol, the changes were not of sufficient magnitude to account for the 
block. In conclusion, although higher concentrations of n-octanol produced 
shifts along the voltage axis of the kinetic parameters, direct blocking action of 
n-octanol on the channel appears to be the most important  mechanism of the 
block. 

Introduction 

Anesthetic molecules have been found to produce a variety of alterations of 
membrane structure, and these observations have led to several hypotheses 
explaining the molecular mechanism of anesthesia. Among the most notable 
membrane changes used to develop theories of anesthesia are membrane expan- 
sion and fluidization. 

* To w h o m  c o r r e s p o n d e n c e  should be addressed at D e p a r t m e n t  o f  P h a r m a c o l o g y ,  N o r t h w e s t e r n  Univer- 
sity Medical  s choo l ,  303 E. Chicago  A v e n u e .  Chicago ,  IL 60611, U.S.A. 
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A variety of measurements suggest that  the membrane expands during 
anesthesia [1--4]. The observed expansion of red blood cell membranes [2] 
and model membrane systems has led to two discrete theories of anesthesia, 
corresponding to a proteinaceous or lipid site. Anesthetics may directly induce 
conformational  changes in membrane proteins rendering them inactive [5,6]. 
Alternatively, those favoring a lipid site suggest that  expansion of  the mem- 
brane lipids may mechanically squeeze ionic channels closed [7--10]. 

Anesthetics also cause fluidization and disordering of membrane components  
as shown by NMR measurements in natural [11] and artificial membranes 
[10]. The combination of this information and measurements of ion concentra- 
tion changes in cerebral spinal fluid [12] and permeability changes in axonal 
membranes [ 13] have led others to suspect these anesthetic-induced alterations 
as the key to anesthesia. The accumulation of  Na ÷ inside small axons of the 
brain following increased resting Na ÷ permeability could produce anesthesia. 

A third manner in which anesthetic molecules alter membrane structure is 
through the membrane field [14]. n-Octanol and benzocaine were found to 
decrease the surface dipole potential in phosphatidylcholine bilayer membranes 
by 125 and 93 mV, respectively. The authors argued in support of the premise 
that  anesthetics exert their primary influence on ionophores, not  by alterations 
in fluidity but rather by altering the dipolar component  of the membrane 
surface potential. Therefore, anesthetics might be expected to radically alter 
the voltage dependence of  conductance parameters which determine thresholds 
of excitability. 

We decided to test the latter hypothesis for the action of n-octanol on 
crayfish giant axons. If the 'electrostatic model '  of  anesthesia is correct, we 
would expect that  the block of the Na ÷ current caused by n-octanol [15] 
should be accounted for by shifts in the voltage dependence of the Hodgkin- 
Huxley parameters, m~ and Tin, in the direction of  depolarization and/or h~ 
and rh in the direction of hyperpolarization. Moreover, to substantiate this 
hypothesis, these alterations would have to be large enough i n  magnitude, to 
account for all the observed decrease in the Na ÷ current at all membrane 
potentials, without  requiring any direct block of the Na ÷ channel or decrease in 
g N a  • 

Methods 

The crayfish, Procambarus clarki, were purchased and maintained in tap 
water at 8--12°C. The nerve chamber was made of Teflon-coated aluminum 
with a rectangular lucite insert with a raised central platform. An extension of 
the aluminum through which solutions passed was used as a cooling block on 
which a thermoelectric cooling device was fixed. Temperature was maintained 
at 11, 12, or 13°C in all experiments. The axon was laid in the lucite-aluminum 
chamber with the dorsal side up, and the ends pinned down on either side with 
Teflon rollers, and illuminated from below with a fiber optics light. 

A modified van Harreveld solution [16] was used as the bathing medium. To 
minimize series resistance problems, a solution with one-half the normal Na ÷ 
concentration was used. Na ÷ currents were generally of the order of 1 mA/cm 2. 
C1- concentration was also decreased in this solution to minimize the accumu- 
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lation of C1- inside the axon during the course of a long-term experiment.  The 
modified solution consisted of  105 mM te t ramethylammonium chloride, 105 
mM sodium isethionate, 2.6 mM MgSO4, 13.5 mM CaC12, 5 mM KC1 and 3 mM 
Hepes buffer.  The pH of  the solution was t i trated to  7.55 with tetramethyl-  
ammonium hydroxide.  The osmolarity of  the solution was 460-480 mosmol 
per kg. 3,4-Diaminopyridine (0.5 mM) was added to the solution to block the 
K ÷ currents. 

Test solutions containing n-octanol were prepared f rom 1 M stock solution 
of  n-octanol dissolved in dimethylsulfoxide (Me2SO). An aliquot of  the stock 
solution was injected into a rapidly spinning volume of  the bathing solution. 
This technique allowed effective concentrat ions of n-octanol above the normal 
solubility to be tested. 1 mM n-octanol was completely soluble in the bathing 
solution, but  the '10 mM' n-octanol solution was a suspension of  small micelles. 
Thus, the 10 mM solution was considered to  be saturated with octanol,  as well 
as containing additional octanol available for  binding. 

The piggy-back-style axial electrode [17] was filled with a solution devel- 
oped by Shrager [18] as an internal perfusate. This solution consisted of 247 
mM potassium citrate and 18 mM NaC1 ti trated to pH 7.5 with citric acid. The 
reference electrode was composed of a glass Pasteur pipette with the end 
tapered and fire polished. The electrode was filled with a solution of modified 
van Harreveld's solution and 2% agar. The connect ion to  the potential  
measuring circuit was made with an Ag/AgC1 pellet molded around a piece of  
silver wire inserted in the agar. The extemal  current  and guard electrodes were 
made of  a lucite block with three pieces of  platinum foil glued to two surfaces. 
The two outside had a longitudinal dimension of 2 mm, while the central elec- 
t rode (current-measuring electrode) was i mm in length. This electrode assem- 
bly was coated with a thin layer of platinum black using the Kohlrausch solu- 
tion. 

The standard voltage-clamp technique and circuit were used for these experi- 
ments. The circuit could achieve a rise t ime of  8--12 ps for a voltage pulse of 
100 mV. The current-measuring amplifier had a response time of  less than I ps. 
The leakage and capacitative components  of  the membrane current  were sub- 
t racted directly using a transient subtraction bridge. 

Series resistance (Rs) was measured by passing a step current  pulse with a 
rise time of less than 1 #s as described by Cole and Moore [19].  However, this 
technique allowed only an estimate of  the upper limit of  Rs of  1--2 £t • cm 2. As 
overcompensat ion of R~ will lead to the same error as uncompensated Rs, no 
compensat ion was a t tempted.  Rather,  the maximum errors due to  a change in 
the membrane current  through R~ were calculated. These computat ions  
suggested that  the problem was not  significant for  interpreting the results, and 
are described in Results. 

Steady-state inactivation (h~) was measured using the standard double-pulse 
technique of Hodgkin and Huxley [20].  A long conditioning pulse (25 ms) to a 
series of membrane potentials was followed by a test pulse to --25 mV. The 
peak amplitude of  the Na ÷ current  was measured from the film records. The 
data were plot ted as the ratio of  the peak current  to the maximum peak 
current  as a funct ion of the condit ioning membrane potential.  

The time constants for Na* activation (Tin) and inactivation (Th) and the 
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steady-state Na + activation (rn=) were measured by plotting an Na ÷ current on a 
logarithmic scale as a function of  time. The falling phase of the Na* current 
expressed a single exponential function from which rh was directly determined 
by extrapolating back to time zero (~samoo3ho). The time required for this 
product  to reach 0.37 of its value is equivalent to rh. The value of Tm was 
measured from this plot according to the method of Hille [21]. The value of 
rn= could also be calculated from this plot. The point of  intersection 
(gsam~3h0) of the straight line with the y-axis yielded the initial current at time 
zero (I~a). At time zero, h becomes unity,  and therefore by dividing I~a by the 
driving force for Na ÷, gNa results. By calculating the relative g~a (i.e., 
gNa/gSama:)' moo can be derived according to the equation: 

3 t 1 
moo = ~gNa/gNama x 

Results 

Continuous application of n-octanol at concentrations as low as 6.25 pM to 
intact crayfish giant axons decreased the Na ÷ current slowly and eventually 
blocked it completely. Recovery from complete block after washing was very 
slow or almost absent. However, when application of octanol was stopped at 
intermediate levels of block, the Na ÷ current recovered slowly and eventually 
attained the control level. Since it took a long time for the Na ÷ current to 
decrease to a level suitable for measurements (about 50% of the control) by 
continuous application of a low concentration of octanol, measurements were 
made during the slow washout phase after brief application of high concentra- 
tions (1 or 10 mM) of  octanol. If the measurements at the end of the experi- 
ment  were different from that  shortly after starting washout, the experimental 
data were discarded. It should be emphasized that  the measurement.s of Na + 
conductance parameters made under these conditions must represent steady- 
state effects of a concentration of octanol lower than 6.25 pM which eventu- 
ally blocks Na ÷ current completely. In the text, the observed effects are 
referred to the actions of  I or 10 mM octanol for the sake of convenience, but 
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F ig .  2.  T h e  n o r m a l i z e d  N a  + c o n d u c t a n c e  p l o t t e d  as  a f u n c t i o n  o f  t h e  m e m b r a n e  p o t e n t i a l  i n  v o l t a g e -  

c l a m p e d  c r a y f i s h  g i a n t  a x o n s .  A,  b e f o r e  a n d  a f t e r  t r e a t m e n t  w i t h  1 m M  o c t a n o l  ( t h e  m e a n  o f  s ix  e x p e r i -  
m e n t s ) .  T h e  a v e r a g e  b l o c k  o f  t h e  c u r r e n t  b y  o e t a n o l  w a s  5 4 % .  B,  b e f o r e  a n d  a f t e r  t r e a t m e n t  w i t h  1 0  m M  

o c t a n o l  ( t h e  m e a n  o f  f o u r  e x p e r i m e n t s ) .  T h e  a v e r a g e  b l o c k  o f  t h e  N a  + c u r r e n t  w a s  5 9 % ,  

such statements by no means indicate the steady-state effects of octanol at 
these two concentrations. 

Fig. 1 shows the current-voltage relationships for Na ÷ current before and 
after application of 1 mM octanol. Both inward and outward Na ÷ currents were 
blocked approx. 50%. The Na÷-reversal potential (ENa) was unchanged by the 
alcohol. 

Na ÷ activation system 
The 'turning-on' process of crayfish axon membranes was altered by octanol 

in the manner predicted by the electrostatic model as described previously. 
Small depolarizing voltage pulses which were large enough to elicit Na ÷ currents 
in control axons frequently did not  produce current in the presence of octanol. 
As a first step to examine changes in the activation system, the relationship 
between the conductance and the membrane potential was measured before 
and after application of 1 and 10 mM octanol. Fig. 2 shows the pooled results 
of several experiments. Na ÷ conductance (gNa), normalized to its maximum 
value, was plotted as a function of the membrane potential (Era). The gNa-Em 
curve was not  appreciably shifted by 1 mM octanol (Fig. 2A), but shifted by 14 
mV in the direction of depolarization by 10 mM octanol (Fig. 2B). However, 
the average block of  gNa by the two concentrations of octanol was almost the 
same, being 54% by 1 mM (six experiments) and 59% by 10 mM (four experi- 
ments). This suggests two separate effects of octanol, one blocking and the 
other shifting the voltage dependence of gNa. A shift by 3--4 mV in the depo- 
larizing direction would be expected due to the error caused by the maximum 
series resistance of 2 ~2 • cm 2. Moreover, as the block and the decrease of Na ÷ 
current were roughly the same in these two sets of experiments, the shift 
caused by uncompensated series resistance should also be roughly equivalent. 

Time constant of  activation 
The time required for the Na ÷ current to reach its peak (time-to-peak) and 

the Na ÷ activation time constant,  Tin, were prolonged by octanol. The pooled 
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Fig. 3. T i m e  c o n s t a n t  o f  Na  + a c t i v a t i o n  (Vm) p l o t t e d  as a f u n c t i o n  o f  t he  m e m b r a n e  p o t e n t i a l  b e f o r e  and  
a f t e r  t r e a t m e n t  w i t h  1 and  10 m M  oc tano l .  

Fig.  4. S t ead y - s t a t e  Na + i n a c t i v a t i o n  cu rves  b e f o r e  and  a f t e r  t r e a t m e n t  w i t h  1 and  l 0  m M  oe tano l .  The  
ho ld ing  p o t e n t i a l  was  - - 7 5  inV.  The  ha l f -po in t s  o f  t he  h a n d - d r a w n  curves  are - -50 ,  - -56  and  - - 6 3  m V  for  
con t ro l ,  1 and  10 m M  oc tano l ,  r e spec t ive ly .  

results of  rm measurements as a funct ion of  the membrane potential  in both 1 
and 10 mM octanol  are shown in Fig. 3. The values of  rm obtained in 1 mM 
octanol were no t  significantly different  f rom those of  the control  at the 0.05 
level, whereas all the 10 mM points were significantly different  from the 
controls.  Detailed compute r  simulations of  the influence of  uncompensated 
series resistance revealed that  no measurable change would be expected at 
potentials more positive than --20 mV, with Rs as high as 6 ~2 • cm 2. 

Steady-state inactivation 
In control  experiments it was found that  the steady-state Na ÷ inactivation 

(h~) curve was identical when the membrane was held at --75, --85 and --95 
mV before applying condit ioning and test pulses. Fig. 4 shows the steady-state 
inactivation curves before and after  application of  1 and 10 mM octanol.  
Noticeably,  the curve was shifted being approx.  4 mV in 1 mM octanol and 11 
mV in 10 mM octanol.  These shifts were no t  large enough to account  for the 
observed decrease in Na ÷ conductance.  For  example, the average block of  the 
maximum inward Na ÷ current  by 1 mM octanol  in the two experiments shown 
in Fig. 4 was approx.  40%, ye t  the h~ value at --75 mV decreased only 6%. This 
result was expected from the previous experiments in which long hyper- 
polarizing prepulses were found to relieve only partially the alcohol block. 

Uncompensated series resistance would be expected to underest imate the 
shift of  the inactivation curve along the voltage axis by the alcohol, but  compu- 
tations revealed no significant change in the curve in these experiments with Rs 
values up to 6 £2 • cm 2. 

Time course o f  inactivation 
Although 1 mM octanol  had little detectable influence on the time constant  

of  Na ÷ inactivation measured from the falling phase of  Na ÷ current  (Fig. 5A), a 
dramatic alteration was observed when 10 mM octanol was applied (Fig. 5B). 
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Fig.  5. T i m e  c o n s t a n t  o f  Na  + i n a c t i v a t i o n  (Th) p l o t t e d  as a f u n c t i o n  o f  t he  m e m b r a n e  P o t e n t i a l  b e f o r e  
(n = 6) and  a f t e r  (n = 6) t r e a t m e n t  w i t h  1 m M  o c t a n o l  (A) ,  a n d  b e f o r e  (n = 4) and  a f t e r  (n = 4) t r e a t m e n t  

wi th  10 m M  o c t a n o l  and  a f t e r  w a s h i n g  (n = 4) (B). The  t i m e  c o n s t a n t  o f  i n a c t i v a t i o n  was  m e a s u r e d  f r o m  
the  fal l ing phase  o f  the  Na  + cu r r en t .  Ver t i ca l  bars  r e p r e s e n t  t he  s t a n d a r d  dev ia t ions .  

The control curve of Tb VS. Em was similar to that  described by Hodgkin and 
Huxley [20] for squid axons, but the effect of octanol did not  seem to be a 
simple suppression or voltage shift in the relation. This may have, at least in 
part, resulted from the difficulty of resolving the hump in the curve thought  to 
exist at low depolarizations. Except at membrane potentials more negative than 
--20 mV, Th Was speeded up by 10 mM octanol. A similar speeding up of Th by 
octanol has been observed in squid axons [22]. In one experiment in which 
1 mM decanol was used, the same pattern was observed. 

Although uncompensated series resistance would theoretically produce a 
similar alteration in the Th VS. Em relationship, computations using R s values up 
to 6 ~2 • cm 2 revelaed a maximum change of only 8%, much smaller than that  
found at large depolarizations in 10 mM octanol. 

Slow inactivation 
Shrager [23] has shown that  crayfish giant axons have a prevalent slow Na ÷ 

inactivation system which is affected by sulfhydryl reagents. A long hyper- 
polarizing prepulse completely reversed the block of Na ÷ current caused by 
N-ethylmaleimide [ 1 8 ] .  Fig. 6 shows experiments in which the block of the 
Na ÷ current by 1 mM octanol was diminished by holding the membrane 
potential at more negative values. This procedure serves to eliminate slow Na ÷ 
inactivation present at the normal holding potential of  --75 mV, and any 
additional inactivation produced by octanol. It was found that  octanol shifts 
the curve relating the slow inactivation to the membrane potential as well as 
the fast inactivation in the hyperpolarized direction. Similar results have been 
found in squid giant axons [22]. However, the block could not  be relieved 
completely by either applying more negative holding potential or long hyper- 
polarizing prepulses (squares in Fig. 6). In the prepulse experiment, the 49% 
Na ÷ current block found with no prepulse at a holding potential of --75 mV 
was reduced to 18% by the prepulse to --115 mV. 



235 

O8 

l N o 0 6  

0 4  
I rnM OCTANOL 

0 2  I I I I m 
-120 -I10 - I 0 0  - 9 0  - 8 0  -70  

E m ( m V )  

4O 

L 
20 

~D i0 

0 

/ 
/ 

IOmM OCTANOL - /  

. / .  
/ ImM OCTANOL 

50 60 ;o sb 
soD,uM CURRE~ a,OCK (~) 

Fig. 6. Rel ief  f r o m  the  oc t a no l  (1 m M )  b lock  of  the  peak  Na + cu r ren t  b y  hypezpo la r i z ing  ho ld ing  
po ten t i a l  ( two  e x p e r i m e n t s ,  o and  e )  or  by  hype rpo la r i z ing  prepulse  to  - - 1 1 5  m V  lasting 110  ms  (one 
e x p e r i m e n t ,  u). 

Fig. 7. Re la t ionsh ip  b e t w e e n  the  shif t  of  Na + c o n d u c t a n c e  a long the  vol tage  axis as m e a s u r e d  at  the  50% 
+ 

m a x i m u m  c o n d u c t a n c e  and  the  percentage  of  b loc k  of  Na c o n d u c t a n c e  caused b y  1 an d  10 m M  octanol .  

Discussion 

Alterations in the voltage dependence of  Na ÷ activation and inactivation 
parameters caused octanol have been found to  be insufficient to account  for 
the observed block of the Na ÷ current. Although changes in the voltage 
dependence of Tin, rn~, rh and ha by 1 mM octanol are in the direction 
postulated by the electrostatic model of  anesthesia, they account  for no more 
than 10% of  the total block produced by octanol. The experiments with 10 mM 
octanol have revealed a second effect  of  octanol on crayfish axons. It appears 
that  octanol at the high concentra t ion can attain sufficiently high concentra- 
tions in the membrane to alter the voltage dependence of  Na ÷ conductance 
parameters by a means independent  of  its channel-blocking mechanism. This 
dualism can be easily seen in Fig. 7, where the shift of  the gsa along the mem- 
brane potential  axis is p lot ted as a funct ion of  the percent  block of  the peak 
Na ÷ current  for  1 mM octanol  (o) and 10 mM octanol (o). It is clear that  at 
comparable block of  the Na ÷ current,  10 mM octanol causes a greater shift of 
the gNa along the membrane potential  axis. Therefore,  we conclude that  one of 
the major mechanisms by which octanol blocks Na ÷ channels is either a 
decrease in the number  of  conduct ing channels or a decrease in the conduc- 
tance of  a single Na ÷ channel. These two mechanisms cannot  easily be discrim- 
inated wi thout  performing single-channel recording or f luctuat ion analysis. 
Recent  experiments  on the effect  of  octanol on the gating currents in squid 
giant axons support  the not ion that  the channel-gating mechanism is affected 
[22,24].  The relationship between the 'on '  charge movement  and membrane 
potential  is no t  shifted by octanol  along the voltage axis [ 22]. 

The shift of  the steady-state Na ÷ inactivation in the hyperpolarizing direc- 
tion along the voltage axis by octanol is in accordance with that  found with 
several local anesthetics including benzocaine [25,26].  A decrease in the time 
constant  of Na ÷ inactivation has also been described for local anesthetics [27] 
and other  blocking compounds  [28].  The small depolarizing shift of  m~ along 
the voltage axis was found to be within the limits of  that  arising from uncom- 
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pensated series resistance. The depolarizing shift of  T m may at least in part be 
the result of a change in electric field across the membrane in the presence of 
octanol. A delay in the activation of the Na ÷ current  was observed when hyper- 
polarizing prepulses preceded a test pulse [29].  This would be opposite in 
direction to the situation for octanol.  

Although experiments with artificial membranes [14] suggested that  a 
change in the membrane field produced by octanol might account  for the 
previously reported decrease in Na ÷ conductance [15],  this does not  appear to 
be the case. Alterations of  voltage dependence are not  in the same direction for 
Na + activation and inactivation parameters. Moreover, the block of  Na ÷ current 
caused by 1 mM octanol cannot  be accounted for by the small change in 
voltage dependence observed. 
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